There remain significant gaps in knowledge regarding the precise neural substrates for cognitive dysfunction in LBD ([@R1], [@R2]). Neuropathological characteristics of LBD, which includes dementia with Lewy bodies (DLB) and Parkinson's disease (PD), are well known and include loss of dopaminergic neurons, deposition of α-synuclein, innate immune activation, and oxidative damage among others ([@R3]). However, the mechanisms by which these pathologic processes yield motor and cognitive impairments are not well understood ([@R4]). There is growing evidence that the substrate of motor and cognitive impairment is the culmination of a complex interplay of neuronal dysfunction, reduced plasticity, and ultimately neuron death ([@R5], [@R6]). For example, recent evidence for LBD suggests that the initial neuronal change associated with LB formation may be diminished synaptic function and plasticity ([@R7], [@R8]). Since synaptic function is essential for cognition, studying the pathological changes and possible compensatory mechanisms in the surviving nerve terminals and their immediate connections is important for better understanding of the disease pathophysiology. Traditional neuropathological approaches, which typically work well for assessment of whole cells, do not work well for nerve terminals. This limitation has been addressed in part by application of ultrastructural or Golgi staining techniques ([@R9]). However, both have their own limitations, including the restriction of analysis to relatively small regions of brain, selective staining of neurons based on unclear mechanisms related to staining protocols, and technical challenges regarding molecular investigation ([@R10]). Thus, despite the likely key role in disease pathogenesis, molecular pathologic changes at the synaptic level remain largely unknown in humans.

Synaptosomes are resealed synaptic terminals obtained from fresh brain tissue through a series homogenization and centrifugation steps ([@R11], [@R12]). First isolated in 1958 by Hebb and Whittaker ([@R13]), freshly prepared synaptosomes maintain electrical potential and can be used for functional investigations. While the electrochemical integrity of human post-mortem synaptosomes is unreliable, these preparations have great potential to be used to test hypotheses about molecular alterations in human synapses ([@R14]). Recently, a group led by Gylys ([@R15], [@R16]) demonstrated the utility of combining antibody-based flow cytometry methodologies with synaptosome preparations to specifically interrogate synapse subtype and associations with amyloid β (Aβ) and tau species in AD.

The human striatum and frontal cortex are variably affected by LBD, micro-vascular brain injury (μVBI) and AD ([@R17], [@R18]). Selective degeneration of striatal dopaminergic terminals is characteristic of LBD, both PD and DLB, but is not known for AD or μVBI ([@R1]). Aβ accumulation in AD starts in the cerebral cortex and at intermediate pathologic stages of AD, Aβ accumulates in the striatum, although not typically accompanied by neurodegeneration or atrophy. In LBD, Lewy bodies (LBs), and Lewy neurites (LNs), which are inclusions containing phosphorylated species of α-synuclein, accumulate in cerebral cortex ([@R19], [@R20]). Micro-VBI, as assessed by neuropathologic consensus guidelines, is a hallmark of widespread small vessel-mediated injury to brain that often includes striatum and cortex ([@R21]). To better understand synaptic changes that occur in frontal cortex and striatum related to LBD, AD and μVBI, we have adapted the flow cytometry method of synaptosome analysis developed by Gylys and colleagues ([@R22]) to define molecular alterations in synaptosome particles prepared from brain regions by a rapid autopsy protocol for research subjects in the University of Washington Alzheimer's Disease Research Center (ADRC) and the Adult Changes in Thought (ACT) study, a population-based study of brain aging in the Seattle metropolitan area ([@R23]).

MATERIALS AND METHODS {#S1}
=====================

Human Subjects {#S2}
--------------

This study was approved by the University of Washington Institutional Review Board. All cases were from the Neuropathology Core of the University of Washington. All study subjects were participants in the ADRC, Pacific Northwest Udall Center, ACT or Seattle longitudinal study. Brain tissue samples (1 g or less) were collected at autopsy in cases with a *post-mortem* interval (PMI) of \< 8 hours. Tissue samples included middle frontal gyrus (MFG, Brodmann area 9), anterior portion of the head of the caudate nucleus, which was separated into dorso-lateral (DLC) and ventro-medial (VMC) parts, and anterior portion of the putamen (PT). In addition, for measurements of DAT, Aβ and α-synuclein phosphorylated at Ser129, we also collected some tissue samples from cerebellar cortex, a region that is relatively spared in AD and receives only sparse dopaminergic innervation. For this study, we selected 24 consecutive rapid autopsy cases, 14 men and 10 women, median age 87 years, who met study inclusion criteria (PMI ≤ 8 h, and had no gross lesions in the structures of interest). We used consensus neuropathological criteria to stratify cases ([@R24], [@R25]). Based on the neuropathological diagnosis, the subjects were divided into 4 groups: LBD (n = 5); AD (n = 11); μVBI with or without concomitant AD (μVBI±AD) (n = 3); control group (n = 5) ([Table 1](#T1){ref-type="table"}). For all cases, as shown in [Supplementary Table S1](#SD1){ref-type="supplementary-material"}, we determined Braak stage for neurofibrillary tangles (NFTs) ([@R26]), CERAD (Consortium to Establish a Registry for Alzheimer's Disease) score for neuritic plaques ([@R27]), and Thal phase for Aβ deposits ([@R28]). In order to determine the effects of PMI on our assay, three temporal neocortical samples were obtained from adult patients undergoing surgery for medically intractable temporal lobe epilepsy. Deidentified temporal cortex samples (1 g or less) obtained beyond the primary area of pathology were received from the operating room, placed on wet ice, and immediately processed identically to the tissue samples obtained at autopsy. No other clinical or demographic information was provided with these samples in accordance with the University of Washington Institutional Review Board.

Experimental Animals {#S3}
--------------------

*Slc6a3*-*DTR* mice were generated by gene targeting. They have a cassette containing the human diphtheria toxin receptor (DTR) open reading frame inserted into the 5′-UTR region of exon 2, just upstream of the translation start codon of the mouse DAT gene (*Slc6a3*). All mice for these studies were on a C57Bl/6 genetic background. Only heterozygotes were used for breeding and produced litters of experimental (*Slc6a3*-*DTR*) and litter-mate control WT (wild-type) animals. At the age of 2--4 months, all animals received two intramuscular injections, separated by 48 h, each with 50 μg of diphtheria toxin (DT) per kg mouse. This technique has been demonstrated previously to result in the ablation of DTR-containing neurons, while leaving neuronal populations in wild-type mice intact ([@R29]). After 20--24 weeks, all mice were sacrificed and striatal tissue harvested for either synaptosome preparation or HPLC analysis of DA. Striatal mouse tissue contained both dorsal and ventral parts of the striatum. In addition, we also collected samples from the cerebellum of wild-type mice for synaptosome preparation. Due to its low level of DAT expression, we chose the cerebellum as an additional negative control for DAT antibody based labeling techniques. All animal procedures were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee at the University of Washington.

Preparation of the crude synaptosome fraction {#S4}
---------------------------------------------

The synaptosome preparation protocol was adapted from Gylys et al. ([@R22]). Human tissue samples were obtained at autopsy or during surgery. Mouse tissue samples were obtained immediately after the animals were sacrificed. Samples were minced, slowly frozen in 0.32 M sucrose with 10% DMSO, and stored at −80 °C. To obtain the crude synaptosome fraction, tissue was thawed in a 37 °C water bath and homogenized in 10 mM Tris buffer (pH 7.4) with proteinase inhibitors (Roche, IN) and phosphatase inhibitors (Sigma-Aldrich, MO) using a glass/Teflon homogenizer (clearance 0.1--0.15 mm). The homogenate was centrifuged at 1,000 g at 4 °C for 10 min, the supernatant was removed and centrifuged again at 10,000 g at 4 °C for 20 min. Resulting pellets were resuspended in sucrose/Tris solution and stored at −80 °C.

Immunolabeling of the synaptosome fraction {#S5}
------------------------------------------

For every incubation or wash, the synaptosome pellets were resuspended by gentle vortexing, and then collected by centrifugation (5,000 g for 4 min at 4 °C). The pellets were first thawed in a 37 °C degree water bath, washed twice with Krebs-Ringer phosphate buffer (118 mM NaCl, 5 mM KCl, 4 mM MgSO~4~, 1 mM CaCl~2~, 1 mM KH~2~PO~4~, 16 mM sodium phosphate buffer, and 10 mM glucose), fixed with 0.25% paraformaldehyde (PFA) for 1 hour at 4 °C, and washed with phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM NaH~2~PO~4~, 1.8 mM KH~2~PO~4~). The pellets were then incubated with 0.2% Tween 20 in PBS at 37 °C for 15 min, washed first with PBS, and then with the blocking buffer (2% fetal calf serum in PBS). Afterwards, the pellets were incubated with the primary antibodies or isotype control antibodies ([Table 2](#T2){ref-type="table"}) in blocking buffer, washed twice with 0.2% Tween 20 in PBS and incubated with 1:200 dilution of respective AlexaFluor 488-conjugated secondary antibody (Jackson ImmunoResearch, PA) in blocking buffer. The pellets were then washed once with 0.2% Tween 20 in PBS, once with PBS and then resuspended in PBS for flow cytometry analysis.

Flow cytometry {#S6}
--------------

The synaptosome suspension was analyzed using a BD FACSCalibur Flow cytometer (BD Biosciences, CA) equipped with 15 mW 488 nm (blue) and 633 nm (red) lasers. Polystyrene microspheres (Polysciences Inc, PA) of varying size (0.54 μm and 1.5 μm) were used as size standards ([Fig. 1a](#F1){ref-type="fig"}). Size gate was set to include only particles of approximate size of 0.5 to 1.5 μm. At least ten thousand size-gated events per sample were collected for further analysis.

Each sample was stained with both the primary antibody selective to the protein of interest and the respective isotype control antibody, used as a negative control. The positive gate was set on the sample stained with the isotype control; we found that drawing the positive gate to include 5% ± 0.1% of the total size-gated particle population offered optimal discrimination between the positive and the negative sample and provided the best reproducibility in repeated experiments. Others have previously reported using a similar or more inclusive size gate ([@R30]). Experiments that involved DAT, Aβ, or α-synuclein antibody labeling also included a human or mouse cerebellum sample as additional negative control.

Analysis of synaptosomes by transmission electron microscopy {#S7}
------------------------------------------------------------

To confirm that our preparation indeed contained intact synaptosomes, we also processed a sample of human cortex according to the protocol described above up to, but not including, the wash with blocking buffer. Instead of washing the pellet with blocking buffer and consequent immunostaining, the pellet was fixed in 4% glutaraldehyde/2% PFA and processed for electron microscopy and ultrastructural analysis.

Catecholamine measurements {#S8}
--------------------------

Human tissue samples were flash-frozen at the time of autopsy/dissection. All human samples were obtained from tissue sections that were adjacent to the sections taken for the synaptosome preparation, but not further subdivided into DL and VM part. In the mouse, tissue punches (1-mm diameter) were obtained from the striatum, flash-frozen immediately and stored at −80 °C. HPLC coupled with electrochemical detection (Coulochem III electrochemical detector, Thermo Fisher Scientific, MA) was used to measure DA and DOPAC content. All raw measurements of DA and DOPAC were normalized to tissue weight (human) or to total protein content (mouse).

Statistical Analysis {#S9}
--------------------

All experimental data are shown as mean ± standard error of the mean (SEM). Basic patient data, age of disease onset and *post-mortem* interval, are shown as median ± standard deviation (SD). Data were analyzed using one- or two-way analysis of variance (ANOVA), followed by Tukey's post-test, or a two-tailed t-test. Correlation was assessed by calculation of Pearson's correlation coefficient. Alpha was always set at p \< 0.05.

RESULTS {#S10}
=======

General characteristics of our synaptosome fraction {#S11}
---------------------------------------------------

Size comparison to polystyrene size standards showed that the majority of particles present in the synaptosome fraction were between 0.5--1.5 μm ([Figure 1a](#F1){ref-type="fig"}), which is consistent with previously reported synaptosome preparations ([@R31], [@R32]). We also performed electron microscopy analysis of our preparation from human cortex that confirmed the presence of intact synaptosomes with both pre- or post-synaptic membrane- bound elements (presynaptic vesicles, synaptic densities) occasionally bound together at the synapse ([Figure 1b](#F1){ref-type="fig"}). To validate further the synaptic origin of the preparation, we labeled synaptosome fractions with an antibody against the synaptosomal-associated protein 25 (SNAP-25), a component of the SNARE complex in presynaptic terminals. In human cortical samples, SNAP-25 immunoreactivity was present in 90.8 ± 3.4% of the size-gated synaptosome population ([Figures 1c and 1d](#F1){ref-type="fig"}, [Supplementary Figure S1](#SD2){ref-type="supplementary-material"}), and in human striatal samples, 87.4 ± 4.2% of the particles were positive for SNAP-25 ([Supplementary Figure S2](#SD3){ref-type="supplementary-material"}). In the mouse striatum, SNAP-25 -- positive particles accounted for the 92.3 ± 0.4% of the total size-gated population ([Supplementary Figure S3](#SD4){ref-type="supplementary-material"}).

DAT-positive synaptosomes and catecholamine levels in human striatum {#S12}
--------------------------------------------------------------------

We next investigated the expression of DAT in striatal synaptosomes to assess the integrity of striatal dopaminergic synapses. Post-mortem synaptosome preparations of the putamen and two regions of caudate (DL and VM) from the human autopsy cohort were labeled with an antibody against DAT, and the percentage of DAT-positive terminals was assessed using flow cytometry. We observed significant effects of disease status on the percentage of DAT-positive particles ([Figure 2a](#F2){ref-type="fig"}, [Supplementary Figure S4](#SD5){ref-type="supplementary-material"}) in the putamen (ANOVA F~3,\ 20~ = 8.38, p \< 0.01) and in the VM caudate (ANOVA F~3,\ 20~ = 4.01, p \< 0.05), but not in the DL caudate. In the putamen, the percentage of DAT-positive particles in the LBD group (5%) was significantly lower (p \< 0.05) than in all other groups (each 25%) and in the VM caudate, the level of DAT-positive particles in the LBD group (11%) was only significantly lower than in the Control group (27%). This level was only slightly higher than in the cerebellum (4 ± 0.3%, data not shown in the figure), a structure that receives only minor dopaminergic input ([@R33]). When we examined each of the LBD cases individually ([Figure 2b](#F2){ref-type="fig"}), we observed that for 4 of the 5 patients, the levels of DAT-positive particles in the VM caudate were either similar or slightly higher than in the DL caudate or putamen, which is consistent with the pathophysiology of PD, a subtype of LBD. However, in one of the patients, the level of DAT-positive particles in DL caudate was notably higher than in the VM portion of the caudate. In addition, we observed significant positive correlations (p \< 0.01) between the levels of DAT-positive particles in the DL and VM caudate nucleus (R^2^ = 0.76, [Figure 2c](#F2){ref-type="fig"}) and also between the levels in the putamen and the DL caudate (R^2^ = 0.46), VM caudate (R^2^ = 0.49) and combined (DL + VM) caudate nucleus (R^2^ = 0.55, [Figure 2d](#F2){ref-type="fig"}).

Dopamine content in flash-frozen whole-tissue preparations, as measured by HPLC, was significantly affected by disease status in the putamen (ANOVA F~3,\ 20~ = 5.14, p \< 0.01; [Figure 3a](#F3){ref-type="fig"}), but not in the caudate (not separated into DL and VM parts; [Figure 3b](#F3){ref-type="fig"}). In the putamen, levels of DA in the LBD group were significantly lower (p \< 0.01) than in the Control group. Similarly, tissue content of the DA metabolite DOPAC was also significantly affected by disease status in the putamen (ANOVA F~3,\ 20~ = 4.53, p \< 0.01; [Figure 3c](#F3){ref-type="fig"}), but not in the caudate ([Figure 3d](#F3){ref-type="fig"}). Again, DOPAC levels in the putamen of the LBD group were significantly lower (p \< 0.01) than in the Control group.

DAT-positive synaptosomes and catecholamine levels in mouse striatum {#S13}
--------------------------------------------------------------------

The majority of dopaminergic neurons are characterized by expression of DAT. To determine the specificity of our antibody-based staining technique and to demonstrate the feasibility of the technique in the main species of laboratory animals, we used mice in which the human DT receptor is expressed in DAT neurons ([Figure 4a](#F4){ref-type="fig"}).

Synaptosome preparations of the striatum from DT-treated *Slc6a3*-*DTR* (n = 5) and wild-type mice (n = 6) were labeled with an antibody against DAT. Compared to DT-treated wild-type mice, DT-treated *Slc6a3*-*DTR* mice had a significantly (p \< 0.01) decreased percentage of DAT-positive particles in striatal synaptosomes ([Figure 4b](#F4){ref-type="fig"}, [Supplementary Figure S5](#SD6){ref-type="supplementary-material"}). Interestingly, the percentage of DAT-positive particles in mouse striatal synaptosomes (35%) was comparable to our human data for caudate and putamen, and the percentage found in our mutant mouse model for severe loss of DA (3%) also was similar to that found in the LBD group. Most important, this level was only slightly higher than in synaptosomes derived from wild-type mouse cerebellum (0.7 ± 0.4%, data not shown in the figure), a structure that does not receive significant dopaminergic input ([@R34]).

The striatal levels of DA ([Figure 4c](#F4){ref-type="fig"}), and its major metabolite, DOPAC ([Figure 4d](#F4){ref-type="fig"}), as measured by HPLC, were significantly reduced in the striatum of DT-treated *Slc6a3*-*DTR* mice (each p \< 0.01).

Aβ accumulation in human cortical synaptosomes {#S14}
----------------------------------------------

We examined synaptosome preparations from post-mortem human cortical samples to determine if we could detect synaptosomal accumulation of Aβ. Different types of Aβ-containing aggregates are known to accumulate in the human brain with advanced age, but we expected to see higher levels of Aβ-positive particles in subjects with neuropathological changes of advanced AD ([@R35]). The synaptosomal preparation was labeled with the 6E10 antibody, an antibody which is reactive to amino acid residues 1-16 of the Aβ protein, and is commonly used in neuropathologic evaluation, as well as an antibody specific to 1-42 Aβ peptide (Aβ-42), which is considered to be a more toxic form of Aβ and is the predominant form present in senile plaques ([@R36]). The 24 subjects from the autopsy cohort were divided into 3 groups based on different approaches to pathologic staging of AD (see [Supplementary Table S1](#SD1){ref-type="supplementary-material"}): the Braak stage system for NFT distribution ([@R26]), CERAD score for neuritic plaque density ([@R27]), or Thal phase for Aβ plaque distribution ([@R28]). In the samples stained with the 6E10 antibody, we confirmed significant effects of Braak stage (ANOVA F~2,\ 21~ = 4.61, p \< 0.05; [Figure 5a](#F5){ref-type="fig"}), CERAD score (ANOVA F~2,\ 21~ = 3. 45, p \< 0.05; [Figure 5b](#F5){ref-type="fig"}) and Thal phase (ANOVA F~2,\ 21~ = 4.83, p \< 0.01; [Figure 5c](#F5){ref-type="fig"}) on the percentage of Aβ-positive particles. Samples from patients with the highest neuropathological AD burden, as assessed by either Braak stage (Braak stage V--VI), CERAD score (3, or "Frequent"), or Thal phase (Thal phase 4--5), had significantly more Aβ-positive particles than samples with the lowest neuropathologic burden of AD (each p \< 0.05). Levels of synaptosomal Aβ in the cerebral cortex of the low neuropathologic AD groups were still higher (each p \< 0.05) than in the cerebellum (5.3 ± 0.3%, data not shown in the figure), which is one of the least-affected structures in AD ([@R37]). When the subjects were again analyzed as the four original cohorts (AD, μVBI±AD, LBD, and control), subjects diagnosed with AD or μVBI±AD had the highest values of synaptosomal Aβ (27.1 ± 3.1 and 28.3 ± 5% respectively), followed by the LBD cohort (23.8%). The control group had the lowest values (15.8%), but the differences did not reach statistical significance.

When the samples were labeled with the antibody to Aβ42, the results appeared very similar to the results of staining with 6E10. We observed significant effects of Braak stage (ANOVA F~2,\ 21~ = 5.61, p \< 0.05; [Figure 5d](#F5){ref-type="fig"}), as well as CERAD score (ANOVA F~2,\ 21~ = 13.47, p \< 0.001; [Figure 5e](#F5){ref-type="fig"}), and Thal phase (ANOVA F~2,\ 21~ = 18.12, p \< 0.0001; [Figure 5f](#F5){ref-type="fig"}) on the percentage of Aβ-42 - positive particles. Again, samples from patients with the highest AD burden had significantly more Aβ-42 - positive particles than samples with the lowest neuropathologic burden of AD (each p \< 0.05) or cerebellum samples (7.4 ± 1.0%, data not shown in the figure). When the subjects were again analyzed as the four original cohorts (AD, μVBI±AD, LBD, and control), subjects diagnosed with AD or μVBI±AD had the highest values of synaptosomal Aβ (50.2 ± 5.4 and 55.0 ± 5.6% respectively), followed by the LBD cohort (41.8 ± 9.1%). The control group had the lowest values (20.6 ± 6.5%). The difference between the AD and Control group was statistically significant (p \< 0.05), data not shown.

Accumulation of phosphorylated α-synuclein in human cortical synaptosomes {#S15}
-------------------------------------------------------------------------

The pathological hallmark of LBD is the presence of cortical LBs and LNs, structures that contain, among other proteins, a phosphorylated form of α-synuclein ([@R38]). To see if the phosphorylated α-synuclein was also present in the cortical synaptosomes from patients with LBD, we labeled cortical samples immunologically with the antibody against α-synuclein phosphorylated at Ser129. We only observed minimal signal in the majority of our samples: 4.8 ± 0.7% in the control group, 5.0 ± 1.1% in the LBD group, 4.3 ± 0.4% and 4.0 ± 1.0% in the AD and μVBI±AD group respectively ([Supplementary Figure S6](#SD7){ref-type="supplementary-material"}). Even though the highest value observed (9%) did indeed come from a patient with LBD, the differences between groups were not statistically significant. Furthermore, signals observed in all samples were not significantly higher than in cerebellum (4.32 ± 0.23%, n=3, data not shown). We did not observe any correlation between cortical levels of α-synuclein phosphorylated at Ser129 and the percentage of DAT-positive terminals in the striatum.

VGLUT1-positive synaptosomes in post-mortem samples of human cortex and striatum {#S16}
--------------------------------------------------------------------------------

To assess potential disease-associated changes in glutamatergic terminals within the cerebral cortex ([@R39], [@R40]), we examined cortical synaptosome preparations with an antibody against the vesicular glutamate transporter 1 (VGLUT1). We did not detect any significant changes in cortical VGLUT1 expression between our analyzed groups ([Figure 6a](#F6){ref-type="fig"}). Because cerebral cortical glutamatergic input to the striatum may play a role in the pathophysiology of LBD ([@R41]), we also examined VGLUT1 expression in putamen, DL caudate and VM caudate. Again, we did not detect any significant changes in striatal VGLUT1 expression between our analyzed groups ([Figure 6a](#F6){ref-type="fig"}, [Supplementary Figure S7](#SD8){ref-type="supplementary-material"}). Interestingly, when we excluded LBD cases and analyzed all other groups together, we found a significant negative correlation between the levels of DAT-positive particles and VGLUT1-positive particles in the putamen (R^2^ = 0.25; [Figure 6b](#F6){ref-type="fig"}), but not in the DL or VM caudate.

VGLUT1 in surgical specimens {#S17}
----------------------------

Finally, we wanted to determine if our results obtained in the post-mortem tissue samples are comparable to fresh tissue samples. To address that question, we prepared synaptosomes from samples of human cortex resected during surgery for intractable temporal lobe epilepsy, and labeled them with the antibody against VGLUT1. The levels of VGLUT1-positive particles in the surgically resected samples were not significantly different from the samples obtained at an autopsy (66 ± 10.4%, n = 3 in the surgical samples, 59.3 ± 2.3%, n = 24 in the post-mortem samples, p \> 0.05).

DISCUSSION {#S18}
==========

To evaluate specific alterations in synaptic function in neurodegenerative disease, we generated synaptosome preparations from brain samples obtained from 24 consecutive autopsies of research subjects without significant neurodegenerative neuropathology or diagnosed pathologically as having LBD, AD and μVBI. Because we did not specifically select cases on the basis of the neuropathological diagnosis, but assigned them to appropriate groups after the diagnosis was made, the number of cases varied between disease groups. We also used a mouse model for severe DA denervation to assess the integrity of striatal dopaminergic synapses. Using these synaptosome preparations, we applied flow cytometry techniques to quantify expression of proteins that are directly associated with LBD (DAT) and AD (Aβ) and also expression of VGLUT1, a protein expressed in excitatory synapses.

We found that in synaptosome preparations from patients with a neuropathologic diagnosis of LBD, but not AD or μVBI, the percentage of synaptosomal particles with DAT expression was significantly decreased in putamen and the ventro-medial (VM) portion of the caudate nucleus, both areas are reported to show dopaminergic degeneration in LBD. Furthermore, we confirmed our method for quantification of synaptic DAT-expression in *Slc6a3-hDTR* mice, an animal model for severe loss of dopaminergic neurons. In these mutant mice, injection of diphtheria toxin causes severe ablation of DAT-expressing dopaminergic neurons, which results in a drastic loss of both striatal DA content and striatal DAT expression in synaptosomes. This further confirms the specificity of our synaptosome DAT relative quantification and also demonstrates that our method can be applied to both post-mortem clinical and fresh-frozen experimental samples obtained from standard laboratory animals. Interestingly, one patient with LBD (case LBD-1), who appeared notably different from the rest of the LBD group by having high levels of DAT-positive synaptosome particles in the caudate nucleus, also had the shortest disease duration. This subject was diagnosed with PD only 2 years prior to death, while the average disease duration in the rest of the group was 8.5 ± 1.6 years. The pronounced difference in the levels of DAT-positive particles in the two regions of the striatum (dramatically decreased in the putamen, but close to the normal levels in the caudate) in this subject coincides with the typical progression pattern of PD, with the putamen being affected earlier than caudate nucleus ([@R42]).

The proportions of particles containing VGLUT1 were not significantly different among LBD, AD, μVBI, and control groups, suggesting that, unlike striatal dopaminergic particles in LBD, VGLUT1-containing cerebral cortical or striatal synapses were not preferentially lost in LBD, AD and μVBI. This finding is consistent with an earlier study, which compared the levels of VGLUT1-positive terminal in the cortex of patients with AD and control cases ([@R30]). Interestingly, we observed that in the putamen of patients without the clinical diagnosis of LBD, levels of the DAT-positive synaptosomal particles were negatively correlated with the levels of VGLUT1-positive particles, suggesting a reciprocal relationship between glutamatergic input and nigral dopaminergic input to the striatum in the absence of LBD. Similar results have been previously reported in animal models of experimental Parkinsonism; in moderately to severely affected DA-depleted mice and rats, loss of dopaminergic neurons results in significantly increased glutamatergic activity in the striatum ([@R43], [@R44]). Reports from patients with LBD have been mixed, possibly as a result of the effect of therapeutic interventions which may differentially influence the pathophysiology of the disease ([@R45]). Interpretation of findings in this group is further complicated because similar treatment can differentially affect individuals; for instance, increased activity of glutamatergic projections to striatum has been observed with patients with L-dopa induced dyskinesias, but not in other patients receiving L-dopa ([@R46]). Our current finding suggests that other than in the presence of severe DA denervation that occurs in LBD, there is an inverse relationship between dopaminergic and glutamatergic innervation of the human putamen of older adults.

We also measured levels of Aβ-containing particles in the frontal cortex samples from patients with varying levels of neuropathologic burden of AD. We used two different antibodies to Aβ: 6E10, which is commonly used in neuropathologic evaluation, but is known to exhibit some cross-reactivity to the amyloid precursor protein, and an Aβ-42 antibody, which is expected to react specifically with the more toxic from of Aβ, 1-42 Aβ peptide, but not 1-40 peptide or amyloid precursor protein. The absolute values obtained with the Aβ-42 antibody were, on average, higher than obtained with the 6E10 antibody, which could be explained either by different binding properties of the two antibodies, or more likely, by a suboptimal concentration of isotype control used in the staining with Aβ-42 antibody. Because this antibody came as whole antiserum, we could not calculate perfect matching concentration of the isotype control. Other than this difference in the absolute values, results obtained with the two antibodies were very similar. Severe AD as assessed by different staging systems had significantly higher levels of synaptosomal particles positive for Aβ protein compared to the subjects with no or low neuropathologic evidence of AD. Our finding confirms the seminal reports of Gylys and colleagues who observed increased number of Aβ-positive synaptosomes in the cerebral cortex of patients with severe AD ([@R16], [@R35]). The proportion of Aβ-containing particles was numerically higher in our samples from patients with LBD than in control subjects, but not significantly different. This finding is expected because the extent of Aβ deposition in cerebral cortex is lower on average in LBD than in AD ([@R47], [@R48]).

We also measured levels of phosphorylated α-synuclein in cortical synaptosomes. Even though we did observe a small increase in the number of particles positive for phosphorylated α-synuclein in the LBD group, compared to the rest of the cohort, the difference was not statistically significant. One possible explanation may be low abundance of phosphorylated α-synuclein in our brain samples. Phosphorylated α-synuclein is concentrated in the LBs and LNs, but LBs are only present in neuronal perikarya, and we are not aware of any reports of LNs being present in a synaptosome preparation. On the other hand, even though pathologic species of α-synuclein may be a critical factor in causing neurodegeneration in LBD, it is not clear how much of the phosphorylated protein is actually present in the presynaptic terminal. Evidence from in vitro studies suggests that formation of LN-like inclusions in neuronal processes is accompanied by a decrease in the amount of α-synuclein in presynaptic terminals ([@R49]). Furthermore, in patients with LBD, phosphorylated α-synuclein is predominantly localized in LBs and LNs, rather than in synaptic terminals ([@R38]), which are the major components of synaptosomal preparations.

We also showed, by preparing and immunostaining surgically obtained human tissue samples and comparing them with clinical post-mortem samples that a postmortem interval of up to 8 hours did not affect immunoreactivity with our method, exemplified by staining of VGLUT1 expression.

Taken together, we demonstrated that the use of flow cytometry to analyze crude synaptosomal fraction prepared from post-mortem human brain, a method pioneered by Gylys and coworkers ([@R22]), can also be successfully applied to study diseases of the dopaminergic system in human and mouse models. In the future, we hope to extend our knowledge of LBD pathophysiology by using flow cytometry analysis of synaptosomes to study changes in other neurotransmitter systems, which are known to be affected in LBD, such as projections by cholinergic neurons in the pedunculopontine tegmental nucleus or by glutamatergic neurons in the centre-median/parafascicular complex of the thalamus and the subthalamic nucleus ([@R50]--[@R53]).

Supplementary Material {#S19}
======================

###### Figure S1

Representative density plots of human cortical synaptosome preparations labeled with SNAP-25 and isotype control (IgG) antibodies. SNAP-25 antibody staining of synaptosome preparations obtained from **(a)** control group, **(b)** LBD group, **(c)** AD group and **(d)** μVBI±AD group. Isotype control staining of synaptosome preparations obtained from **(e)** control group, **(f)** LBD group, **(g)** AD group and **(h)** μVBI±AD group. For each sample pair (**a**--**e**, **b**--**f**, **c**--**g**, **d**--**h),** the respective isotype control-labeled sample (**e**, **f**, **g**, **h**) was used to set the positive gate for the corresponding sample labeled with SNAP-25 antibody (**a**, **b**, **c**, **d**). Due to the varying levels of non-specific binding of the antibodies between individual cases, the position of the positive gates for each sample pair is slightly different.

###### Figure S2

Representative density plots of human striatal synaptosome preparations labeled with SNAP-25 and isotype control (IgG) antibodies. SNAP-25 antibody staining of synaptosome preparations obtained from **(a)** control group, **(b)** LBD group, **(c)** AD group and **(d)** μVBI±AD group. Isotype control staining of synaptosome preparations obtained from **(e)** control group, **(f)** LBD group, **(g)** AD group and **(h)** μVBI±AD group. For each sample pair (**a**--**e**, **b**--**f**, **c**--**g**, **d**--**h),** the respective isotype control-labeled sample (**e**, **f**, **g**, **h**) was used to set the positive gate for the corresponding sample labeled with SNAP-25 antibody (**a**, **b**, **c**, **d**). Due to the varying levels of non-specific binding of the antibodies between individual cases, the position of the positive gates for each sample pair is slightly different.

###### Figure S3

Representative density plots of mouse striatal synaptosome preparations labeled with SNAP-25 and isotype control (IgG) antibodies. SNAP-25 antibody staining of synaptosome preparations obtained from **(a)** DT-treated WT and **(b)** DT-treated *Slc6a3-DTR* mice. Isotype control staining of synaptosome preparations obtained from **(c)** DT-treated WT and **(d)** DT-treated *Slc6a3-DTR* mice. For each sample pair (**a**--**c**, **b**--**d),** the respective isotype control-labeled sample (**b**, **d**) was used to set the positive gate for the corresponding sample labeled with SNAP-25 antibody (**a**, **b**). Due to the varying levels of non-specific binding of the antibodies between individual mice, the position of the positive gates for each sample pair is slightly different.

###### Figure S4

Representative plots of human striatal synaptosome preparations labeled with DAT and isotype control (IgG) antibodies. DAT-antibody staining of synaptosome preparations obtained from **(a)** control group, **(b)** LBD group, **(c)** AD group and **(d)** μVBI±AD group. Isotype control staining of synaptosome preparations obtained from **(e)** control group, **(f)** LBD group, **(g)** AD group and **(h)** μVBI±AD group. For each sample pair (**a**--**e**, **b**--**f**, **c**--**g**, **d**--**h),** the respective isotype control-labeled sample (**e**, **f**, **g**, **h**) was used to set the positive gate for the corresponding sample labeled with DAT antibody (**a**, **b**, **c**, **d**). Due to the varying levels of non-specific binding of the antibodies between individual cases, the position of the positive gates for each sample pair is slightly different.

###### Figure S5

Representative plots of mouse striatal synaptosome preparations labeled with DAT and isotype control (IgG) antibodies. Samples from a DT-treated WT mouse labeled with an antibody against DAT **(a)** and isotype control antibody **(b)**. Samples from a DT-treated *Slc6a3-DTR* mouse, labeled with the DAT antibody **(c)** and an isotype control antibody **(d)**. For each sample pair (**a**--**c**, **b**--**d),** the respective isotype control-labeled sample (**b**, **d**) was used to set the positive gate for the corresponding sample labeled with DAT antibody (**a**, **b**). Due to the varying levels of non-specific binding of the antibodies between individual mice, the position of the positive gates for each sample pair is slightly different.

###### Figure S6

Flow cytometry analysis of the synaptosome preparation of human cortex from control (n = 5), LBD (n = 5), AD (n = 11) and μVBI±AD (n = 3) groups labeled with the antibody against α-synuclein phosphorylated at Ser129. Percentage of α-synuclein-positive particles in the post-mortem samples is shown. Data is presented as mean ± SEM.

###### Figure S7

Representative density plots of human cortical synaptosome preparations labeled with VGLUT1 and isotype control (IgG) antibodies. VGLUT1 antibody staining of synaptosome preparations obtained from **(a)** control group, **(b)** LBD group, **(c)** AD group, **(d)** μVBI±AD group and **(e)** from a human cortical sample resected during surgery. IgG staining of synaptosome preparations obtained from **(f)** control group, **(g)** LBD group, **(h)** AD group, **(i)** μVBI±AD group and **(j)** from a human cortical sample resected during surgery. For each sample pair (**a**--**f**, **b**--**g**, **c**--**h**, **d**--**i, e**--**j),** the respective isotype control-labeled sample (**f**, **g**, **h, i, j**) was used to set the positive gate for the corresponding sample labeled with VGLUT1 antibody (**a**, **b**, **c**, **d, e**). Due to the varying levels of non-specific binding of the antibodies between individual cases, the position of the positive gates for each sample pair is slightly different.
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AD

:   Alzheimer's disease

LB

:   Lewy body

LBD

:   Lewy body disease

μVBI

:   micro-vascular brain injury

DL

:   dorso-lateral

VM

:   ventro-medial

Aβ

:   amyloid β

DAT

:   dopamine transporter

DA

:   dopamine

DOPAC

:   3,4-dihydroxyphenylacetic acid

hDTR

:   human diphtheria toxin receptor

![Flow cytometry analysis of human cortical synaptosome preparation from a control sample. The gain settings on the flow cytometry machine were set to provide optimal visualization of the total population. The highly non-homogeneous nature of the preparation resulted in a wide spread of values along the ordinate, with a part of the positive gate extending into the 10^1^ region of the axis (conventionally reserved for background signal). **(a)** Particle size in the synaptosome preparations compared to polystyrene size standards (shown as circles within the scatter plot; 1: 0.54 μm, 2: 1.5 μm). **(b)** Electron microscopy of crude synaptosome preparation. Arrows indicate post-synaptic density (black) and dense-core synaptic vesicles (white). **(c)** Immunolabeling of synaptosomal preparation with SNAP-25 antibody. **(d)** Isotype antibody control immunolabeling of synaptosomal preparation.](nihms605411f1){#F1}

![Flow cytometry analysis of synaptosome preparation of human striatum from control (n = 5), LBD (n = 5), AD (n = 11) and μVBI±AD (n = 3) groups labeled with an antibody against DAT. **(a)** Percentage of DAT-positive particles in striatal synaptosomes of all groups. **(b)** DAT-positive particles in striatal synaptosomes of individual patients with LBD compared to average number of DAT-positive particles in control and combined AD + μVBI±AD groups. **(c)** Percentage of DAT-positive particles in the DLC plotted against percentage of DAT-positive particles in the VMC. **(d)** Percentage of DAT-positive particles in the averaged DLC and VM caudate nucleus synaptosomes plotted against percentage of DAT-positive particles in putamen synaptosomes. All data are presented as mean ± SEM. \* p \< 0.05. Significant pairwise comparisons of groups are indicated by brackets.](nihms605411f2){#F2}

![Catecholamine levels in post-mortem human striatum from control (n = 5), LBD (n = 5), AD (n = 11) and μVBI±AD (n = 3) groups, measured by HPLC and normalized to tissue weight. **(a)** DA in Putamen. **(b)** DA in the caudate nucleus. **(c)** DOPAC in Putamen. **D.** DOPAC in the caudate nucleus. All data is presented as mean ± SEM. \* p \< 0.05. Significant pairwise comparisons of groups are indicated by brackets.](nihms605411f3){#F3}

![Mouse model of loss of striatal DA projections. **(a)** Schematic representation illustrating the *Slc6a3*-hDTR model, in which expression of the human DTR in all DAT neurons allows ablation of DA neurons. **(b)** Percentage of DAT-positive particles in striatal synaptosomes from DT-treated WT (n = 6) and *Slc6a3*-*DTR* mice (n = 5). Tissue content of **(c)** DA and **(d)** DOPAC in the striatum of DT-treated WT (n = 6) and *Slc6a3*-*DTR* mice (n = 5) measured by HPLC and normalized to protein content. All data are presented as mean ± SEM. \*\* p \< 0.01. Significant pairwise comparisons of groups are indicated by brackets.](nihms605411f4){#F4}

![Human cortical synaptosome preparation labeled with the 6E10 **(a**--**c)** and the Aβ-42 **(d**--**f)** antibody against amyloid β. **(a** and **d)** Subjects were divided into 3 groups according to the Braak and Braak staging of AD: "None-II" (n = 14), "III--IV", (n = 3),"V--VI" (n = 7). **(b** and **e)** Subjects were divided into 3 groups according to the CERAD score: "0" (n = 5), "1--2" (n = 5), and "3" (n = 14). **(c** and **f)** Subjects were divided into 3 groups according to the Thal phase: "1--2" (n = 6), "3" (n = 8) and "4--5" (n = 10). All data are presented as mean ± SEM. \* p \< 0.05, \*\* p \< 0.01. Significant pairwise comparisons of groups are indicated by brackets.](nihms605411f5){#F5}

![Flow cytometry analysis of the synaptosome preparation of human cortex and striatum labeled with the antibody against vesicular glutamate transporter 1 (VGLUT1). **(a)** Percentage of VGLUT1-positive particles in the post-mortem samples of cortex, putamen, and caudate nucleus. Data is presented as mean ± SEM. **(b)** Correlation between the number of synaptosome particles in human putamen positive for VGLUT1 and DAT. "No LBD" group (n = 19) includes all cases without the diagnosis Lewy body disease. Correlation coefficient was calculated for the "No LBD" group only.](nihms605411f6){#F6}

###### 

Patient data

  Group     Number of subjects   Age at time of death (years, median ± SD)   *Post-mortem* interval (hours, mean ± SEM)   Male to female ratio
  --------- -------------------- ------------------------------------------- -------------------------------------------- ----------------------
  LBD       5                    82 ± 4.0                                    5 ± 1.4                                      5:0
  AD        11                   90 ± 9.6                                    4 ± 1.0                                      9:2
  μVBI±AD   3                    93 ± 4.4                                    6 ± 1.6                                      3:0
  Control   5                    84 ± 4.9                                    5 ± 1.6                                      4:1

###### 

Antibodies

  Antigen                      Manufacturer, clonality, product number, isotype, host, dilution   Isotype control antibody, manufacturer, product number
  ---------------------------- ------------------------------------------------------------------ --------------------------------------------------------
  Aβ (6E10)                    Covance, monoclonal (clone 6E10), SIG-39320, mouse, IgG1, 1:500    Mouse myeloma IgG1, Invitrogen, 02-6100
  Aβ (1-42 peptide)            Novus Biologicals whole antisera, rabbit, 1:1000                   Rabbit polyclonal IgG, Abcam, ab26478
  α-synuclein (phospho S129)   Abcam, monoclonal, ab51253 (EP1536Y), rabbit, 1:5,000              Rabbit polyclonal IgG, Abcam, ab26478
  DAT                          Abcam, monoclonal, ab5990, IgG, rat, 1:250                         Rat IgG, Abcam, ab37361
  SNAP-25                      Covance, monoclonal (clone SMI 81), SMI-81R, IgG1, mouse, 1:250    Mouse myeloma IgG1, Invitrogen, 02-6100
  VGLUT1                       Millipore, monoclonal (clone 3C10.2), MAB5502, IgG1, mouse, 1:50   Mouse myeloma IgG1, Invitrogen, 02-6100
